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Abstract. In electrical machines, knowing the electrical conductivity is of 
importance for the eddy current calculation, especially when massive iron parts are 
involved. Generally the conductivity is measured on samples of raw materials with 
simple geometries. Indeed, a simple geometry is suitable for applying an analytical 
approach to deduce the electrical conductivity from the measured electrical 
quantities. Nevertheless, when a non destructive measurement is required, the 
measurement of the electrical conductivity can become rather difficult on parts with 
complex geometry. To that end, with the help of the Finite Element Modeling 
approach (FEM), a strategy is developed to characterize the local electrical 
properties of parts with a non-trivial geometry.  
Keywords: electrical conductivity, non-trivial geometry, Finite Element Modeling, 
experiment 
                                                          
1
 Corresponding Author: Abdelkader Benabou, L2EP/Université Lille1, Bâtiment P2 - 
Cité Scientifique, 59655 Villeneuve d’Ascq, France; E-mail: abdelkader.benabou@univ-
lille1.fr. 
 2  
 
1. Introduction  
The performances of an energy conversion device that includes 
ferromagnetic materials depend highly on their magnetic and 
electrical properties. An important aspect for the performances of 
these materials is related to the manufacturing process of the 
magnetic core that can impact the properties of the material. In fact, 
these can be worsened compared to the raw material ones [1]. 
Moreover, during the manufacturing process, this impact is not 
necessarily repetitive and can also lead to a dispersion of these 
properties. These aspects are rarely taken into account in the design 
process of electrical machines, especially for the quantification of 
this impact on the performances. Therefore, in order to design and 
optimize these devices, the electrical conductivity is one of the 
parameters that can be required with a good accuracy. In fact, 
depending on the working frequency and thickness of the material, 
the knowledge of the electrical conductivity can be of importance for 
the accurate calculation of the eddy current losses. This is 
particularly the case when massive iron parts are involved in the 
design of the energy conversion device. In the classical experimental 
approach, the characterization techniques use a sample with a 
specific and simple geometry (cylinder, sheet). For ferromagnetic 
materials, the works related to the electrical conductivity 
measurement have been mainly focused on the case of sheets because 
of their extensive use for the manufacture of magnetic circuit of 
energy conversion devices [2], [3]. Besides, a simple geometry is 
usually required for applying an analytical approach to deduce the 
electrical conductivity. When a non destructive measurement is 
required, the measurement of electrical conductivity can become 
 3  
 
rather difficult on parts with complex geometry. Therefore, specific 
approaches should be provided in order to characterize the material 
of the end product. In this paper, a non destructive approach, 
combining the experiment and the Finite Element (FE) technique, is 
presented in order to determine the electrical conductivity of massive 
magnetic parts with a non trivial geometry. For the experimental part, 
the developed sensor is based on the principle of the four-point 
method proposed by Valdes in 1954 [4] and, for the FE simulations, 
the 3D electromagnetic field calculation software code_Carmel is 
employed. First, the experimental method is detailed with the model 
used to identify the electrical conductivity. Then, the proposed 
method is validated and illustrated using two kinds of parts of steel 
with non-trivial geometry. 
2. Characterization of the local electrical conductivity 
2.1. Presentation of the approach 
The proposed sensor for the electrical conductivity measurement 
is based on the four-point method (figure 1) [4]. A current is imposed 
flowing through the outer pair of points and a voltage is measured 
between the inner points. Using the Ohm’s law the ratio between the 
voltage and the current gives the resistance for the region between 
the inner points. But, except for few simple cases for which an 
analytical solution is available, it is rather difficult to extract the 
conductivity from the measured resistance on samples with non-
trivial geometries. The proposed method consists in simulating the 
experimental device in order to extract the resistance (R) depending 
on both the conductivity (σ) and position of the sensor on the part 
under test. Electrokinetic simulations are carried out with a 3D 
electromagnetic field simulation software from which the 
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relationship σ=f(R) is determined for each sensor position. Finally, 
from the experimental resistance and sensor position, the adequate 
electrical conductivity is deduced (figure 2). As illustration, the 
simulated current density magnitude distribution obtained for a non 
trivial geometry show the interest of this approach (figure 3). Indeed, 
this density is far from being uniform and difficult to calculate 
analytically with regard to the complex geometry of the part. 
2.2. Experimental procedure 
The sensor is made of four aligned needles mounted on springs 
attached to a PEEK polymer (polyetheretherketone) support. These 
needles are connected to a micro-ohmmeter. The sensor is fixed to a 
motored device that allows positioning the needles adequately on the 
sample under test (figure 4). The positioning device, the sensor and 
the sample are placed in a measuring chamber to control the 
temperature of the environment. Indeed, to achieve the desired 
accuracy (typically ±0.3MS/m), it is crucial to control the 
temperature of the environment. In figure 5, a test has been carried 
out on a sample of massive steel in order to evaluate the impact of 
the temperature. 
2.3. Finite element model 
The model is based on the solution of the electrokinetic problem 
solved by the finite element method using the scalar potential 
formulation. For different values of the electrical conductivity and 
positions of the sensor, the DC current flowing through the external 
needles of the sensor is imposed and the resulting voltage between 
the internal needles is calculated using the method presented in [5] 
which is very accurate. The studied domain corresponds to a rotor 
claw. The discretization of the domain leads to a mesh of 210000 
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nodes and 1200000 tetrahedral elements. Moreover, according to the 
results given by the FE model, the spaces between the four needles 
have been optimized. In fact, the measure must be local as much as 
possible but the signal must be sufficiently high to be measured with 
the micro-ohmmeter. So, a compromise, depending on the studied 
sample geometry, has to be found for the spaces between the needles. 
In the F.E. model, the electrical conductivity has been fixed to a 
value close to the expected experimental conductivity. Then, a 
simulation has been performed with different needles spaces (figure 
6). The choice has been made for the parameters s=a=6 mm. 
2.4. Validation of the procedure 
Once the optimal sensor has been defined for our application, the 
validation of the proposed method has been carried out in two steps. 
First, the procedure is applied to a reference sample with a complex 
geometry (figure 7). Then a simple geometry, a cylinder, is extracted 
from this sample. Measurement of the resistance of this cylinder is 
performed with the same sensor but the conductivity is obtained by 
the conventional analytical calculation. The testing procedure is 
made for three different samples. It is found that the conductivity 
measured for all samples are very close to the one obtained by the 
proposed method involving electromagnetic field calculation (table 
1). 
3. Application of the approach to a forged claw pole 
The proposed method is used to compare two electrical machine 
parts made of forged ferromagnetic steel. Both parts have the same 
steel grade but have been made up with different processes of 
fabrication. The geometry of this part is illustrated in figure 7. For 
each sample, 3 acquisitions of the resistance, each one during 500s, 
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are performed. Results are reported in figure 8. The transient state is 
because of the zeroing process of the micro-ohmmeter. After 100s, 
the measure is perfectly stable and the observed difference between 
the 3 measurements (for the same sample) is lower than 1%. 
Considering the observed gap between both samples, this 
measurement accuracy is acceptable for a comparison purpose. In 
fact, despite the same grade of steel, the deduced conductivities are 
rather different (20%) between both samples. The observed 
difference is significant and higher than the measurement error. 
4. Conclusion 
When non-destructive testing is required for the electrical 
conductivity measurement, the usual approach, based on specific 
sample geometries, finds its limitation. The proposed approach, 
combining both measurement and simulation, enables to deduce the 
electrical conductivity of a sample with a non trivial geometry. The 
validation of the method has been carried out on a reference sample. 
Then, the procedure was applied to two claw samples of forged 
ferromagnetic steel, with the same grade but issued from two distinct 
manufacturing processes. The results show that the studied samples, 
with the exact same geometry, exhibit different electrical properties 
induced by the process of fabrication. It has been demonstrated that 
the proposed approach is suitable for devices requiring a non-
destructive method and is well adapted for the ongoing study of the 
impact of the manufacturing process on the ferromagnetic steel 
properties.  
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Tables 
 
Measured resistance 
(First measure is taken as 
the reference) 
Calculated conductivity 
(First measure is taken as 
the reference) 
Claw  
(first 
measurement) 
Claw 1 1 1 
Claw 2 1.030 0.971 
Claw 3 1.004 0.996 
Claw  
(second 
measurement) 
Claw1 1.020 0.981 
Claw 2 1.019 0.981 
Claw 3 0.992 1.008 
Cylinder  
(first 
measurement) 
Cylinder 1 5.188 1.003 
Cylinder 2 5.208 0.999 
Cylinder 3 5.206 1.000 
Cylinder  
(second 
measurement) 
Cylinder 1 5.269 0.988 
Cylinder 2 5.278 0.986 
Cylinder 3 5.265 0.989 
Table 1. Experimental results with the first measure as reference. 
 
Figure captions 
Fig. 1. Geometry of the four point sensor  
Fig. 2. Illustration of the proposed approach 
Fig. 3. Current density distribution  
Fig. 4. Schematic drawing of the experimental device 
Fig. 5. Average resistance versus temperature of the environment and geometry of 
the sample 
Fig. 6. Simulated resistance versus needles spaces (optimization of the sensor)  
Fig. 7. Geometry of the samples. 
Fig. 8. Experimental results (resistance versus time) 
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